 Abstract-The article describes the results of investigation of the theoretical limits of the conventional gas turbine engines on the basis of numerical simulation using the computer-aided system "astra". The results of simulation are used to forecast the gas turbine engines' parameters as well as to determine whether the potentialities of the conventional gas turbine engines are exhausted or not. The approaches to increasing the efficiency of propulsion unit and the thermogasdynamic cycle are suggested.
I. INTRODUCTION
According to the analysis of open-access publications [1] - [5] , the prospective ways of further improvement of traditional (without heat recovery and water/steam injection) gas turbine engines may be divided into three groups:
 Decreasing the losses of the engine elements and the flow rate of bleeding air;  Improving the efficiency of thermodynamic cycle of engine;  Improving the efficiency of the engine as a propulsion unit. This article describes the results of numerical investigation of the limits in efficiency increasing of these three approaches, with a turbofan engine as an object of study. The numerical investigation was conducted using the computer-aided system of thermogasdynamic analysis ASTRA [6] , developed at the Samara State Aerospace University.
II. DECREASING THE LOSSES OF THE ENGINE ELEMENTS AND THE FLOW RATE OF BLEEDING AIR
The investigation was performed for the cruising mode of flight at the altitude of 11 km and the airspeed of 850 kmph (Mach number of 0.8). Separate flow three-spool turbofan engine with a principal parameters described in the Table I was selected High values of efficiency ratios of the baseline engine show that their further enhancing will entail great difficulties. Stagnation pressure loss ratio of air inlet 1,0
Bypass ratio 11
Pressure ratio of the bypass part of the fan 1,54
Efficiency ratio of the bypass part of the fan 0,93
Efficiency ratio of the primary part of the fan 0,91
Efficiency ratio of the medium pressure compressor (MPC) 0,91
Efficiency ratio of the high pressure compressor (HPC) 0,9
Overall pressure ratio of the compressor 56 Table II shows the parameters of six variants of the baseline engine with various levels of elements efficiency and relative flow-rate of the cooling air: 1) Relative flow-rate of the cooling air is two times less;
2) Relative flow-rate of the cooling air is set to zero; 3) Efficiency ratios of the engine elements are increased by 1-2%; 4) Efficiency ratios of the engine elements are set to 1.0; 5) Relative flow-rate of the cooling air is two times less and efficiency ratios of the engine elements are increased by 1-2% simultaneously; 6) Relative flow-rate of the cooling air is set to zero and efficiency ratios of the engine elements are set to 1.0 simultaneously.
The first, third and fifth variants represent a short-term perspective of the engines' development (5-10 years), the second, fourth and sixth variants represent the extreme performance of the engine elements that would never be achieved, but characterize a long-term perspective. [6, 7] . However, even a complete rejection of the cooling will reduce specific fuel consumption at cruise conditions only by 3.5%.
3 Parameters of the baseline engine remain the same as in the previous section.
Numerical simulation of the engine with gas temperature at the turbine inlet varying from 1500 K to 2500 K and overall pressure ratio ( * c   ) varying from 40 to 1200 was fulfilled to examine the potential improvement of the engine cycle. The bypass ratio of all the variants is equal to the value of the baseline engine and the pressure ratio of the bypass part of the fan (characterizing the energy distribution between the primary and secondary flows) is optimized to provide the minimum of specific fuel consumption for each combination of parameters. Fig. 1 and Table IV show the results of numerical simulation. The pressure ratio of the bypass part of the fan range between 1.4 and 1.85. Fig. 1 shows that specific fuel consumption has minimum values along both overall pressure ratio (mutual opposite effect of the heat supply decrease and the thermal efficiency increase) and turbine inlet temperature (mutual opposite effect of the elements' losses to heat supply ratio increase and the kinetic energy of jet loss increasing). It should be emphasized that the bypass ratio remained at the same level during the engine thermodynamic cycle examination.
The results lead to the following conclusions. 1) Optimal values of overall pressure ratio and turbine inlet temperature are about 530 and 2200 K respectively (see Table IV ). This level of temperature represent a short-tem perspective of engines development, but providing such level of pressure ratio entail great difficulties in terms of both providing high compressor efficiency and its stable operation, and would provide only an 8% of engine efficiency increase.
2) Optimal value of pressure ratio for the baseline engine temperature is about 90 (1.6 times higher) and is possible in a short-tem perspective of engines development, although would provide about a 1.5 % of efficiency increase.
3) Values of specific fuel consumption change slowly around the optimal values of pressure ratio: 1.5 times increased or decreased total pressure ratio leads to less than 1% change in C sp .
IV. IMPROVING THE EFFICIENCY OF THE ENGINE AS A PROPULSION UNIT
Parameters of the baseline engine remain the same as in the previous sections.
Numerical simulation of the wide range of bypass ratio (m) values was fulfilled to examine the potential improvement of the engine cycle. Pressure ratio of the bypass part of the fan (characterizing the energy distribution between the primary and secondary flows) is optimized to provide the minimum of specific fuel consumption for each combination of parameters.
As the thermodynamic cycle substantially influence the optimal values of the investigated parameter, four combinations of total pressure ratio and turbine inlet temperature (see Table V ) were examined.
Except for the baseline engine, the total pressure ratios of other combinations were selected in accordance with the results of the previous section:
1) Equal to the baseline engine turbine inlet temperature (but optimal value of * c   ); 2) Turbine inlet temperature of 2000 K (short-term perspective, 5-7 years);
3) Turbine inlet temperature of 2500 K (long-term perspective, 10-15 years). Fig. 2 shows the results of numerical simulation of the baseline engine, Fig. 3, 4 and 5 -the results of the first, second and third variants respectively. 
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Fig . 2 shows that increasing the bypass ratio from 11 to 40 (with a respective decrease of a fan pressure ratio from 1.54 t o1.14 to provide a uniform energy distribution between the primary and secondary flows) provides the engine efficiency enhancement of 6%.
The results of optimization of the first variant of engine (Fig. 3 ) show almost the same efficiency level (higher by 6.2%), although the optimal value of bypass ratio is lower (about 35) due to the heat supply decrease because of the total pressure ratio increase.
The optimal values of bypass ratio and fan pressure ratio are 50 and 1.13 respectively for the second variant of the engine (see Fig. 4) . These values provide the decrease in specific fuel consumption by 15.8%. The third variant of engine with optimized parameters is characterized by the bypass ratio of 50, fan pressure ratio of 1.14 and provides the 20% increase of engine efficiency compared with a baseline engine (Fig. 5 and  Fig. 6 ). The results lead to the following conclusions.
1) The optimal type of gas turbine engine for the examined altitude and airspeed is a turbopropfan engine (with a bypass ratio of 35…50). Increase in the bypass ratio value would lead to relative decrease of the engine core size (for the same level of thrust), which may lead to the problems of providing the efficiency of high pressure turbomachinery. The diameter of this type of engine may also be higher than the space under the plane wings.
2) Turbopropfan engine with a thermodynamic cycle parameters of a baseline engine would provide a 6% increase in engine efficiency. The thermodynamic cycle parameters corresponding to the short-term perspective jointly with bypass ratio optimization would provide a 15% increase.
3) Values of specific fuel consumption change slowly around the optimal values of bypass ratio: two times less bypass ratio (40 versus 80) provides less than 1% change in C sp . The results show that the increase in turbine inlet temperature up to 2200 K with optimization of the other principal parameters (overall pressure ratio, bypass ratio and the fan pressure ratio) would increase the engine efficiency by 19%. It should be mentioned, that providing the corresponding bypass ratio of 60-70 is a serious technical problem to solve. The further increase in turbine inlet temperature would provide only a slight enhancement of the specific fuel consumption (additionally by 2-3 %).
VI. CONCLUSION 1) Improving the efficiency of engine components reduces the specific consumption by 5% in the short-term, and approximately by 20% in the extreme case; however, the limit value is unreachable.
2) Reducing the cooling air flow-rate in two times increases the efficiency of the turbofan by 2.3%, and the exclusion of cooling 3.5%. This way does not provide a significant decrease in specific consumption, but achievable in the short-term perspective by use of advanced materials.
3) Increase in parameters of the engine thermodynamic cycle improves the efficiency by about 8% for the current bypass ratio value. It should be noted that the optimal value of the turbine inlet temperature is attainable in the short-term (2200K), while the optimal value of the total pressure ratio is about 500; providing the gasdynamic stability and high efficiency of the compressor (especially during the transient conditions) entails considerable difficulties, so it is unlikely that such a value would be reached within the next decade. Increase in parameters of the engine thermodynamic cycle is more reasonable in connection with bypass ratio optimization.
4) The optimal value of bypass ratio for the examined altitude and flight speed is about 35-55 and corresponds to the turbopropfan engine. Optimization of the bypass ratio would increase the efficiency of modern engines by 6%, by 15% for the short-term perspective (5-10 years) and by 20% for the long-term. 5) Integrated approach to the engine development is the most reasonable way to enhance the efficiency of gas turbine engines: it provides the capabilities to decrease the specific fuel consumption by 17-19% in a short-term perspective (turbine inlet temperature of about 2000-2200 K). The further increase of the working process parameters doesn't provide substantial increase in engine efficiency.
6) The bypass ratios optimal for the turbine inlet temperatures higher than 1800 K correspond to the turbopropfan engine (considering the traditional schemes of gas turbine engines). However, one of the possible ways to provide bypass ratios of 60-70 is the use of distributed propulsion, including integrated into the airframe [8] , [9] . Vol. 6, No. 1, January 2017 
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